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Ga ion irradiation has been investigated as a function of implant dose and temperature. Initially pores form in the implanted material which become elongated as they increase in size. With increasing implant dose, the structure continues to evolve into plates and finally a network of nanoscale rods. Swelling to 25 times the original implanted layer thickness has been observed. The temperature dependence of the minimum feature size has been established. The crystalline-to-amorphous and continuous-to-porous transformations proceed simultaneously. We suggest the latter results from the precipitation of interstitials at extended crystalline defects in preference to Frenkel pair recombination as potentially related to anomalous diffusion in GaSb. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.1896428͔ GaSb and InSb can be rendered porous with ion irradiation under the appropriate implant conditions. Although several theories have been proposed, the operative mechanism is still under investigation.
1 The continuous-to-porous transformation has been compared with the irradiation-induced porosity observed in Ge, 2 however, in Ge porosity is only observed for doses significantly greater than the amorphization threshold. In the antimonides, on the other hand, both the crystalline-to-amorphous and continuous-to-porous transformations occur at similar doses. Previous investigations have concentrated on the onset of porosity, 3 or implantation at liquid nitrogen temperature.
1 In this work we present a detailed analysis of the microstructural evolution as a function of both implant dose and temperature. We use this to derive further insight into the mechanisms responsible for porous layer formation.
GaSb was implanted at multiple energies with 69 Ga ions. Stopping and Range of Ions in Matter ͑SRIM͒ simulations 4 were used to calculate appropriate implant parameters to achieve a constant vacancy production throughout the implanted depth ͑Ϸ2.5 m͒. The dose/energy combinations for the highest implanted dose were: 1.0ϫ 10 16 at. cm −2 at 6.5 MeV; 3.4ϫ 10 15 at. cm −2 at 3.4 MeV; 2.7 ϫ 10 15 at. cm −2 at 1.8 MeV; 1.7ϫ 10 15 at. cm −2 at 0.8 MeV, and 1.8ϫ 10 15 at. cm −2 at 0.3 MeV. To achieve lower levels of vacancy production, similar series of implants were performed using the same energies but scaling all the doses by a fixed factor. For simplicity, in the text hereafter the implants will be identified according to the dose used for the highest energy implant. Implantation was performed at either room temperature for doses between 2.5ϫ 10 14 and 1 ϫ 10 16 at. cm −2 or at a fixed dose of 5 ϫ 10 15 at. cm −2 at temperatures between −180 and 220°C. The implanted material was analyzed using scanning electron microscopy ͑SEM͒ and transmission electron microscopy ͑TEM͒. SEM was performed on the cross section of cleaved specimens. TEM samples were prepared either by detaching the porous material ultrasonically in ethanol and subsequent deposition onto carbon-film-coated TEM grids, or by mechanical polishing and ion beam milling at liquid nitrogen temperature.
For room temperature irradiation, the influence of implant dose on the microstructure is shown as a series of SEM micrographs in Figs. 1͑a͒-1͑c͒ . Voids, Ϸ20 nm in diameter, are already apparent at 2.5ϫ 10 14 at. cm −2 ͓Fig. 1͑a͔͒. With increasing implant dose, the voids become elongated at Ϸ5 ϫ 10 14 at. cm −2 ͑not shown͒ and subsequently the material enclosing the voids evolves into the plate-like structures indicated by the arrow in Fig. 1͑b͒ at 1 ϫ 10 15 at. cm −2 . These plates are Ϸ15 nm thick and joined by rods of similar thickness. A further increase in dose to 1 ϫ 10 16 at. cm −2 results in a network consisting only of long ͑Ϸ100 nm͒, straight rods Ϸ15 nm in diameter ͓Fig. 1͑c͔͒. TEM reveals that over the entire dose range some degree of residual crystallinity is apparent as will be discussed later. The porous layer thickness determined from SEM is shown as a function of implant dose in Fig. 2͑a͒ . The thickness increase is less dose dependent at high implant doses. Nonetheless, at 1 ϫ 10 16 at. cm −2 the implanted layer, simulated to be 2.5 m thick, actually leads to a porous layer 80 m thick.
Altering the implant temperature has a significant influence on the microstructure of the porous layer ͓Figs. 1͑d͒-1͑f͔͒. At −180°C, a dose of 5 ϫ 10 15 at. cm −2 leads to the formation of long, columnar, void-like structures ͓Fig. 1͑d͔͒. The walls of the structures are Ϸ10 nm thick and large holes are visible in the cell walls. Implants of the same dose at temperatures between −80 and 120°C yielded a network of Ϸ15 nm rods similar to those obtained at room temperature depicted in Fig. 1͑e͒ . At 220°C, however, the porous network evolves much less readily and a denser cellular structure is visible ͓Fig. 1͑f͔͒. The cell walls are Ϸ20 nm thick.
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The results shown in Fig. 2͑b͒ indicate that for a dose of 5 ϫ 10 15 at. cm −2 the porous layer is Ϸ60 m thick for room temperature implantation. Between −80 and 120°C the thickness is similar, consistent with the similarities in the microstructure. However, at both extremes of the temperature range ͑−180 and 220°C͒, porous layer formation is strongly suppressed with layer thicknesses of only 15 and 10 m, respectively. An analogous temperature dependence has been observed for implants into InSb. 5 The implant dose dependence at −180°C is displayed in Fig. 2͑a͒ and saturates at low doses.
TEM images of samples implanted with low doses indicate that the initial pore formation occurs in heavily twinned, defective, crystalline material containing a high density of dislocation loops. Figure 3 shows a dark field TEM image of the rod-like structure resulting from implantation of higher doses ͑1 ϫ 10 16 at. cm −2 ͒ at room temperature. The nearuniform width of the rods is clearly apparent. For thick porous layers, amorphous rings are observed in the electron diffraction pattern though small GaSb crystallites are still apparent with dark field imaging as indicated by the arrow in Fig. 3 . Even the sample irradiated to the highest dose ͑1 ϫ 10 16 at. cm −2 ͒ at the lowest temperature ͑−180°C͒, i.e., that most likely to be amorphized, still reveals the presence of such crystallites. The retention of some crystallinity in the antimonides beyond the onset of porosity confirms that the mechanism is distinctly different from that yielding the amorphous-phase porosity observed in Ge. Callec and Poudoulec proposed that porosity in the antimonides is a consequence of highly inefficient recombination of irradiationinduced vacancies and interstitials.
3 Vacancy agglomeration yields voids which continue to nucleate until the inter-void distance is sufficiently small to enable vacancies to diffuse to the void walls and be annihilated. The maximum volume increase due to implantation-induced vacancies can be roughly estimated from our experiments by assuming that the volume of a vacancy is 1 / , where is the atomic density of GaSb. The number of vacancies introduced by the implant can be determined from SRIM simulations. 4 The resulting porous layer thickness attributed to vacancy production is indicated by the dotted line in Fig. 2͑a͒ and demonstrates that Frenkel pair recombination is indeed inefficient. Ga to a dose of 1 ϫ 10 16 at. cm −2 at room temperature. The arrow indicates the presence of a Ϸ4 nm crystallite also confirmed by lattice imaging.
FIG. 1. SEM images of GaSb implanted with
69 Ga ions ͓͑a͒-͑c͔͒ at room temperature to a dose of ͑a͒ 2.5ϫ 10 14 at. cm −2 , ͑b͒ 1 ϫ 10 15 at. cm −2 and ͑c͒ 1 ϫ 10 16 at. cm −2 , ͓͑d͒-͑f͔͒ with a dose of 5 ϫ 10 15 at. cm −2 at ͑d͒ −180°C, ͑e͒ room temperature and ͑f͒ 220°C.
